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1 Introduction 
 
Stainless steels contain more than 10.5 % chromium and 
less than 1.2 % carbon as an alloying element. According 
to the microstructure and their usability, stainless steels 
could be separated to five different, corrosion resistant 
types, such as: austenitic, ferritic, martensitic, duplex 
(austenitic – ferritic) and precipitation hardened. Among 
all of these, the austenitic types play the main role in 
industrial applications. Recently, the usage of austenitic 
steels is increased to 75 % among all the stainless steel 
types [1]. According to the alloying elements, austenitic 
stainless steels could be separated to chromium-nickel 
(Cr-Ni) and chromium-manganese (Cr-Mn) types. The 
Cr-Ni steels usually contain 16 to 19 % Cr and 6 to 12 % 
Ni (the most popular types are 1.4301 (AISI 304) and 
1.4430 (AISI 316). Because of the recent fluctuations of 
Ni price [2], stainless steel producer companies made 
efforts in order to decrease the Ni content in these steels. 
Manufacturers payed emphasized attention in using 
Mn (5–11 %) and N (< 0.25 %) as alloying elements 
[2–11]. These steels marked as AISI 200 series. The 
usage of the Cr-Mn alloyed austenitic steels are con-
stantly growing, especially in Asia [12]. According to steel 
manufacturers predictions the usability of Cr-Mn steels 
will reach 20 % by the end of 2010’s (from 9 % in the 
beginning of the 21st century) among all of the stainless 
steels [1, 2, 4, 7]. Beside their low cost (currently nickel is 
around five times more expensive than manganese on 
metal stock market [13]), the N (> 0.13 %) alloyed aus-
tenitic steels have higher yield strength (~ 400 MPa), 
than the conventional Cr-Ni steels (~ 300 MPa), which is 
also a highlighted research area [5, 6, 8, 10, 14, 15]. 
Researchers [6] showed that with increasing nitrogen 
content in solid solution, the yield and tensile strengths 
also higher. Increasing the dissolved N content from 0 to 
0.2 % the yield strength doubles from 200 to 400 MPa in 
these steels. The increasing mechanical strength makes 
the manganese alloyed austenitic steels possible for 
structural applications [16]. Beside the lower cost and 
better mechanical properties of Cr-Mn steel, their corro-
sion resistance is usually lower, than the Cr-Ni types 
[17, 18]. The reason for this is the relatively high Mn and 
low Ni content, but the high (> 0.1 %) N content improves 
the pitting corrosion resistance [19] and the Cr-Mn al-
loyed austenitic steel have better performance in terms of 
transgranular stress corrosion [20]. The recently devel-
oped pitting resistance equivalent numbers (such as 
PREMn, MARC, IRCL) all calculates with the negative 
effect of Mn [11, 21]. From weldability standpoint the Cr-
Mn steels behave generally the same as Cr-Ni steels. In 
case of higher N addition to the base metal (BM) and fast 
welding travel speed porosity formation was experienced 
in some cases [20, 22]. The decreasing N content in the 
weld metal (WM) (due to porosity formation) resulting in 
increasing ferrite number. As conventional austenitic 
grades, the ones with higher carbon content are also 
sensible for M23C6 carbide formation (sensitization). The 
formation of these carbides reducing stress corrosion 
cracking resistance [23] and the volume of carbides is 
increasing with increasing number of welding passes 
[24]. Reducing nickel content also increasing the sensiti-
zation tendency, as Ni lowers the carbon solubility in 
austenite [18]. Also, because of the increased N and Cr 
content, researchers [25] found Cr2N precipitation after 1 
hour ageing at 850°C temperature in Mn (19 %) and 
N (0.5 %) over alloyed austenitic grade. All the nitrogen 
containing steels primarily solidify as delta ferrite, which 
helps the resistance against hot cracking [19]. The auto-
geneous welding of Cr-Mn steels are not well published 
[24]. Comparing to the conventional grades, during gas 
tungsten arc welding (GTAW or TIG) the Cr-Mn steels 
behaves generally the same as the CrNi grades, apart 
from some special behaviours [26, 27]. Researchers [28] 
investigated the effects of welding speed during TIG 
welding of 1.4372 (AISI 201) material. As the welding 
speed increases, the heat input decreased, which refers 
in narrower weld pool width and decreasing grain coars-
ening. The higher welding speed also means smaller 
dendrite size and higher tensile strength and ductility and 
the corrosion properties improved. The best mechanical 
and corrosion properties were measured with high, 
3.5 mm·s-1, welding speed. Using active flux coating on 
the surface [29] resulting in the same improvement of the 
welding process as in case of activated flux welding 
(A-TIG) of other stainless steels [30]. The weldability with 
other resistance and fusion welding processes is not well 
published, but researchers made experiments in shielded 
metal arc welding [26, 31, 32], laser beam welding [33], 
plasma arc welding [34] and resistance spot welding [35].  
Therefore, in our research we investigated the weld-
ments of four steel grades; one commercial Cr-Ni austen-
itic steel grade, and three high strength grades with in-
creased nitrogen content, of which two grades were Cr-
Mn-N alloyed. 
 
2 Materials and methods 
 
For the welding tests three grades of high strength and 
as comparison one normal strength austenitic stainless 
steels were used. The base materials were the following 
grades: 1.4371, 1.4376, 1.4318 and 1.4301 with sheet 
thicknesses of: 2.28, 1.92, 2 and 2 mm respectively. As 
welding method, manual GTAW was used, with two 
types of filler rods: 1.4316 (308 L Si) and 1.4430 
(316 L Si) in 2.4 mm diameters. The chemical composi-
tion of the used materials are listed in Tab.1, the nominal 
values were also controlled by a PMI Master Sort emis-
sion spectrometer. 
Table 1. Chemical composition 
of the used steel sheets and filler metals  
Steel 
grade 
Chemical composition (wt%) 
C Cr Ni Mn Si Mo Cu N Fe 
1.4371 0.05 15.8 4.4 7.7 0.5 0.1 0.4 0.2 bal. 
1.4376 0.11 17.1 3.8 7.2 0.6 - 0.5 0.2 bal. 
1.4318 0.05 16.5 7.3 1.6 0.5 0.2 0.3 0.2 bal. 
1.4301 0.05 18.3 8.6 1.8 0.4 0.2 0.4 - bal. 
1.4316 0.02 19.0 9.5 1.8 0.9 - - - bal. 
1.4430 0.02 18.5 12.5 1.8 0.9 2.6 - - bal. 
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The samples for quantitative metallography and micro 
hardness testing was mounted in metallography resin, 
mechanically grounded with SiC papers from P80 to 
P4000 beside continuous water rinse, polished (with 
1 μm and 0.5 μm grain size Al2O3 emulsion) and finally 
chemically etched. As etchant methanolic aqua regia 
(45 ml HCl + 15 ml HNO3 + 20 ml methanol) and Kalling 
reagent (2 g CuCl2 + 40 ml HCl + 40 ml C2H6O) were 
used. The methanolic aqua regia etchant applied for 20 s 
proved to be more effective than the Kalling reagent in 
order to reveal the grain structure. Optical microscopy 
with Olympus PM3 microscope was performed on etched 
specimens for the determination of grain structures. The 
grain structure of the four steel sheets can be seen in 
Fig.1. The main properties of the used materials are 
listed in Tab. 2. 
 
Figure 1. Grain structure of the four steel grades 
Also, microhardness measurements on the joints were 
made with Buehler 1011 type microhardness tester, to 
evaluate hardness changes throughout the weldments. 
The micro Vickers hardness tests were made on the 
metallographic, etched specimens. Hardness measure-
ments were made perpendicularly to the welding line, 
across the fusion zone in the WM and heat effected zone 
(HAZ) HAZ 1 denotes the zone close to the molten WM 
and HAZ 2 further away. Vickers indentations were per-
formed using a step size of 0.3 mm and a 500 g load 
(HV0.5), according the ASTM E384 standard. 
Table 2. Main properties of the used materials 
Steel 
grade 
Main properties 
Rp0.2 
(MPa) 
Rm 
(MPa) 
A11.3 
(%) 
Hardness 
(HV0.5) 
Grain size 
(µm) 
1.4371 620 760 25 277±10 12 
1.4376 405 740 40 251±10 11 
1.4318 350 660 35 205±2 10 
1.4301 190 620 35 187±5 22 
1.4316 390 590 35 195±4 - 
1.4430 430 650 34 200±4 - 
For the welding tests 130×60 mm sheets were cut out, 
without edge chamfering. The sheets were cleaned be-
fore the tests with acetone. Butt welded joints were pro-
duced with ESAB Aristotig 250 welding machine using 
two different filler materials, perpendicularly to the roll 
direction to obtain 130×120 mm specimens. The sheets 
were mechanically clamped before welding; they were 
not in direct contact to each other, at the end of the 
sheets ~1 mm gap existed to provide co-axial joints. The 
thickness step (max. 0.26 mm) of the sheets was on the 
face side of the joint.  
To protect the weld bead from environmental contami-
nantion and oxidation pure argon 4.6 (99.996 % Ar) 
shielding gas was used during welding on the face and 
root side, with a flow rate of 10 and 8 l·min-1 respectively. 
The welded specimens were also mechanically clamped 
during their cooling procedure, they were fastened in the 
clamping device until the temperature in the joint and 
heat affected zone reached the 50⁰C temperature. 
The welding parameters; current (I), voltage (U), 
welding speed (v), heat input (Q) and the different mate-
rials combinations for the joints are listed in Tab 3. As 
you can see the heat input was kept low, between 0.27 –
 0.39 kJ·mm-1. 
Table 3. Welding parameters and joint combinations 
for the different filler materials for manual GTAW 
 
Sheet 
grade 
 
Sheet 
grade 
Welding parameters 
 
 
I 
(A) 
U 
(V) 
v 
(cm∙min-1) 
Q 
(kJ·mm-1) 
1
.4
3
1
6
 f
il
le
r 
1.4371 
 
1.4371 75 11.7 10.7 0.30 
1.4371 1.4376 75 11.5 11.6 0.27 
1.4371 1.4318 75 11.5 8.0 0.39 
1.4371 1.4301 75 11.7 8.4 0.38 
1.4376 1.4376 75 11.3 10.5 0.29 
1.4376 1.4318 75 11.5 10.0 0.31 
1.4376 1.4301 75 11.5 9.3 0.33 
1
.4
4
3
0
 f
il
le
r 
1.4371 
 
1.4371 75 11.7 9.0 0.35 
1.4371 1.4376 75 11.3 9.2 0.33 
1.4371 1.4318 75 11.2 10.5 0.29 
1.4371 1.4301 75 11.3 9.6 0.32 
1.4376 1.4376 75 11.7 9.2 0.34 
1.4376 1.4318 75 11.3 10.4 0.29 
1.4376 1.4301 75 11.2 10.3 0.29 
For the determination of the tensile characeristics of the 
welded joints quasistatic tensile tests were carried out 
with MTS 810 universal materials testing machine. The 
tensile specimens were cut out in a way that their longi-
tudinal axis was perpendicular to the welding line. Ten-
sile tests were performed under quasi-static loading 
condition, using a constant crosshead speed of 
3 mm·min-1, according to EN ISO 6892-1 standard. Ten-
sile tests were carried out on every combinations and 
three welded samples were investigated for each welded 
joint, to receive consistent results. 
 
3 Results and discussion  
 
The face and root sides of the welded joints can be seen 
in Fig. 3–4 for the two filler metals. It is clear, that the 
welding parameters in Tab. 3 are appropriate to produce 
discontinuity free joints with even face and root sides. 
Therefore, the joints welded with the listed parameters 
were examined more in details.  
Microstructure and grain coarsening 
All the weldments were austenitic of course; in the sheets 
with polygonal grains and in the weldment with dendritic 
structure (Fig.5). To compare the grain coarsening of the 
different material grades, grain sizes were determined on 
metallographic images e.g. Fig.5. The grain sizes meas-
ured in the different heat affected zones of the joints are 
listed in Tab. 4. To compare the different austenitic steel 
grades these gran sizes were normalized to their own 
base material grain sizes of Tab.2 and visualized in 
Fig.5.  
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Figure 3. Macroimages from the face side (left) and 
root side (right) of the different joints 
welded with 1.4316 filler material  
 
 
 
 
Figure 4. Macroimages from the face side (left) and 
root side (right) of the different joints 
welded with 1.4430 filler material 
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Table 4. Measured grain sizes in the different 
joints in the HAZ, according to ASTM E112 
 Sheet 
grade 
Grain sizes (µm) Sheet 
grade  HAZ2 HAZ1 HAZ1 HAZ2 
1
.4
3
1
6
 f
il
le
r 
1.4371   9 37 34 14 1.4371 
1.4371 13 34 26 11 1.4376 
1.4371 13 44 35 15 1.4318 
1.4371 15 44 50 18 1.4301 
1.4376 12 25 29 11 1.4376 
1.4376 11 27 35 14 1.4318 
1.4376 11 23 38 14 1.4301 
1
.4
4
3
0
 f
il
le
r 
1.4371 15 40 37 17 1.4371 
1.4371 14 40 27 12 1.4376 
1.4371 15 37 29 17 1.4318 
1.4371 15 35 42 16 1.4301 
1.4376 12 29 29 11 1.4376 
1.4376 11 22 29 13 1.4318 
1.4376 11 22 32 13 1.4301 
 
 
Figure 5. Macroimages from two joints welded with 
different filler metals, and enlarged microscope 
images from the HAZ 2 and WM 
According to Tab 4 the average grain sizes were under 
50 µm in all cases. However, in some cases the grain 
coarsening in the HAZ zones was very different for the 
different grades (Fig.5).  
In the HAZ 1 of the 1.4371 Cr-Mn austenitic grade and 
the 1.4318 Cr-Ni austenitic grade had approx. the same 
grain coarsening, smaller grain coarsening was observed 
in the 1.4376 and 1.4301.  
In the HAZ 2 region had the 1.4318 steel grade the larg-
est grain coarsening effect, smaller had the 1.4371 
grade, and the 1.4376 (other Cr-Mn alloying) had almost 
the initial grain size and no coarsening compared to the 
initial state. The 1.4301 grade had the lowest grain 
coarsening compared to the other grades both in HAZ 1 
and in HAZ 2. In HAZ 2, presumably due to the fast cool-
ing rate (and larger grains of the BM) the grain size was 
even a bit smaller than before welding.  
 
Figure 5. To the initial grain size nomalized grain sizes 
of in the HAZ-s of the different joint types  
Tensile properties 
The ultimate tensile strength (Rm) of the base materials 
were all higher than the filler materials (Tab. 2.), there-
fore the fracture always occurred within the weld material 
(e.g. Fig. 6).  
As we can see in in Fig. 7 the ultimate tensile strength 
values were all over 600 MPa. The lowest strength had 
the joints with the 1.4301 material (which has also the 
lowest Rm). The highest strength were measured on the 
joints containing 1.4371 and/or 1.4376 steels – which 
had also the highest Rm – and possibly because of the 
dilution with the filler metal also the Rm increased above 
the tensile strength values of the 1.4316 weld metal. In 
case of the 1.4430 filler the 1.4371-1.4318 and the 
1.4376-1.4318 joint had Rm over the tensile strength of 
the filler metal. 
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Figure 6. Stereomicroscope images of the fractured 
tensile specimen (1.4376-1.4376 joint with 1.4430 filler); 
a),b) deformed weld metal surface and 
c) the fracture surface 
As for the fracture elongations (A11.3) every joint was 
above 12% but only two of them reached the (1.4376-
1.4318 and 1.4376-1.4301) 25 % (the nominal fracture 
elongation value for the least deformable 1.4371 grade) 
(Fig. 8). Note that during the tensile tests the tensile force 
increased even after the necking indicating a strong 
hardening mechanism during the tests. 
 
Figure 7. Ultimate tensile strength of the used base 
materials (nominal) and the measured values of the 
welded joints with two types of filler material 
 
Figure 8. Fracture elongation values of the base materi-
als (nominal) and the measured values of the welded 
joints with two types of filler material 
To compare the deformations in the different joint 
combinations in Fig. 9 the total uniform elongations of the 
materials (far from necking) until fracture, and the whole 
elongation of measurement length (including half of the 
weld material) for both sides corresponding to A5.65 is 
visualized. As excepted the heterogeneous (1.4371-
1.4371 and 1.4376-1.4376) specimens had the same 
elongation values at both sides. If the Cr-Mn 1.4371 
joined to 1.4376 as excepted; the 1.4376 side (more 
deformable see Fig. 8) had more elongations as well with 
the joint as well the base material welded with both filler 
types. As for the joints with Cr-Ni ausenitic grades, the 
1.4318 and 1.4301 sides always had the greater elonga-
tion values with both filler types. 
The necking values at fracture were between 43-
56 % for all the specimens for both filler types (Tab. 5). 
Basically, within the scatter range the different joints 
were in the same range for necking. 
 
Figure 9. Fracture elongation values of the two sides of 
the joints and the uniform elongation values of the base 
materials in the different joint types 
Table 5. Necking values and fracture 
sides of the tensile specimens 
 Sheet 
grade 
Fracture 
side 
Sheet 
grade 
Necking 
Z (%)  
1
.4
3
1
6
 f
il
le
r 
1.4371 ● ► ► 1.4371 43±1 
1.4371 ◄ ◄ ► 1.4376 48±9 
1.4371 ◄ ◄ ► 1.4318 51±5 
1.4371 ◄ ► ► 1.4301 49±1 
1.4376 ◄ ► ► 1.4376 56±6 
1.4376 ► ► ► 1.4318 47±2 
1.4376 ► ► ► 1.4301 45±4 
1
.4
4
3
0
 f
il
le
r 
1.4371 ◄ ◄ ► 1.4371 49±1 
1.4371 ◄ ◄ ► 1.4376 50±4 
1.4371 ◄ ◄ ◄ 1.4318 50±2 
1.4371 ● ► ► 1.4301 48±3 
1.4376 ◄ ◄ ► 1.4376 51±2 
1.4376 ◄ ◄ ◄ 1.4318 45±7 
1.4376 ► ► ► 1.4301 51±7 
Location of the fracture within the WM: 
◄ 1st steel grade side, 
●   weld metal center line, 
► 2nd steel grade side. 
The fracture of the joint combinations welded with 
with the 1.4371 Cr-Mn austenitic steel grade occurred 
mostly on the 1.4371 side with the exception of the 
1.4301 grade for both filler types.  
25 
Whilst in the joint combinations with the 1.4376 Cr-Mn 
austenitic steel grade the fracture occurred in opposite 
steel side, with the exception of 1.4301 grade welded 
with 1.4430 filler. 
Hardness measurements 
On the metallographic samples the hardness profiles 
were measured in ~0.5 mm depth from the top side of the 
sheets (e.g. Fig. 10). On these hardness profiles the 
hardness values of HAZ 1-2 and the WM were deter-
mined (Tab. 6). The hardness values in HAZ1-2 for one 
grade is about the same in every joint combinations, for 
1.4371 between 200-258 HV0.5, for 1.4376 between 
211-245 HV0.5, for 1.4318 between 288-215 HV0.5 and 
for 1.4301 between; 176-194 HV0.5. 
For both filler types, the hardness of the WM (centerline) 
was higher than the nominal hardness of the filler metal 
in case of the joint combinations with the high Mn content 
steel grades(1.4371-1.4371, 1.4371-1.4376 and 1.4376-
1.4376), for the other joint combinations the hardness of 
the WM centerline were lower than the nominal values. 
For the 1.4318 filler, the WM hardness varied between 
185-207 HV0.5, for the 1.4430 filler between 186-
200 HV0.5. 
It seems that through the dilution the Mn content in-
creases the overall hardness of the joints. 
 
Figure 10. Hardness profile of different joints 
welded with 1.4316 filler 
Table 6. The average hardness values in 
the different HAZ parts and in the WM  
 Sheet 
grade 
Hardness values (HV0.5) Sheet 
grade  HAZ 2 HAZ 1 WM HAZ 1 HAZ 2 
1
.4
3
1
6
 f
il
le
r 
1.4371 257±8 238±6 217±8 238±8 258±7 1.4371 
1.4371 252±6 215±3 198±8 221±8 246±7 1.4376 
1.4371 240±6 200±3 185±5 188±7 206±3 1.4318 
1.4371 246±6 221±5 186±5 177±6 192±6 1.4301 
1.4376 229±4 211±5 195±6 223±7 238±4 1.4376 
1.4376 245±3 217±4 188±4 189±9 199±5 1.4318 
1.4376 245±4 218±6 185±3 177±8 191±5 1.4301 
1
.4
4
3
0
 f
il
le
r 
1.4371 245±14 216±4 200±4 219±5 242±6 1.4371 
1.4371 244±10 209±8 192±4 234±5 244±3 1.4376 
1.4371 251±9 212±5 187±3 202±7 215±8 1.4318 
1.4371 258±9 224±8 188±6 184±4 193±4 1.4301 
1.4376 237±3 220±3 193±7 218±6 234±3 1.4376 
1.4376 242±3 216±7 188±3 198±5 205±3 1.4318 
1.4376 245±5 215±8 186±4 176±5 194±3 1.4301 
 
For the further comparison of the welded properties of 
the Mn alloying of austenitic steels further corrosion tests 
are planned. 
4 Conclusions 
 
From the above described investigations the following 
conclusions can be drawn: 
 The 1.4371, 1.4376 (Cr-Mn+N alloyed) austenitic 
steel grades, the 1.4318 (Cr-Ni+N alloyed) and 
1.4301 (Cr-Ni alloyed) austenitic steel grades can be 
successfully joined in the 2 mm sheet thickness range 
with 0,27-0,35 kJ·mm-1 heat input range, with 1.4316 
and 1.4430 filler materials via GTAW.  
 Comparing the different steel grades in HAZ 1 the 
1.4371 grade had the largest grain coarsening follow-
ing 1.4318, 1.4376 and 1.4301 in decreasing order. 
The grain coarsening in HAZ 2 was the largest in the 
1.4318 grade, following the 1.4371 steel. The 1.4376 
had the initial grain size in HAZ 2 and in 1.4301 steel 
there was even grain refinement.  
 The ultimate tensile strength of the joints varied be-
tween; 600-670 MPa and the fracture elongations 
(A11.3) between 13-25 %. The elongation among the 
different steel grades in the welded joint types was 
the greatest in the 1.4301 grade following in the 
1.4318, 1.4376 and 1.4371 grades. 
 The hardness values in the WM and HAZ's increased 
with the increasing Mn content of the base metal 
sheets. 
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